ABSTRACT Human chromosomes were labeled with base-specific radioactive DNA precursors and examined autoradiographically to measure their DNA content and base ratio (percentage A'T base pairs) The requirement that incorporation of labeled bases be uniform during DNA synthesis was met by the use of inhibitors of de novo synthesis of DNA precursors. The genome was subdivided into 75 segments base on uinacrine banding, and the base ratio of each was calculated by a method that corrects for bias due to the scatter of grains about their source. Estimates of base ratio are shown to be sufficiently precise to detect variability among chromosomes and among segments within a chromosome. Analysis of these data and of measurements of the quinacrine fluorescence intensity of segments leads to the following conclusions. Base ratio is positively correlated with brightness, as predicted from independent in vitro studies. Larger chromosomes tend to have higher base ratios and to be brighter than smaller ones. The best prediction of the brightness of a segment must take into account not only its base ratio but also its DNA content. To explain these results, we suggest an evolutionary model in which chromosomes containing repeated sequences of A-T-rich DNA tend to grow by means of unequal sister chromatid and meiotic exchanges. The human genome consists of 100-200 metaphase bands defined by fluorescent staining. Various studies indicate that these bands are functional units of the chromosome. For example, quinacrine-bright regions replicate their DNA later during S phase and condense earlier in prophase than do dark ones. They also have fewer mitotic chiasmata (1) and x-ray-induced chromosomal breaks (2) than do dark bands. Furthermore, recent work suggests that genes are concentrated in the dark areas (3).
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Because each band has an average of 106 base pairs, we might expect that, unless highly reiterated short sequences are involved, the average base composition of a band would be similar to that of the whole cell. However, qualitative studies with fluorescent dyes (4), base-specific antibodies (5), and autoradiography (6) suggest that base compositions may vary considerably from one band to the next. Although work with eukaryotic satellite DNAs and A-T-vs G.C-rich fractions of main band DNA has not been able to determine the extent to which fluorescence is due to base composition (7) , in vitro studies (8) indicate that quinacrine-bright bands may be A-T rich.
We have devised an autoradiographic technique to estimate the base composition of human chromosomes and chromosomal segments with sufficient accuracy to determine that base ratios do vary over long stretches of DNA. The data also provide estimates of the DNA content of each chromosome and segment. We use these estimates to investigate the organization of chromosomes and the relationship of base composition to other Kodak high-contrast copy film and printed at the same magnification, X3000, so that the two could be superimposed. Cuts were made through the banded fluorescent print onto the print of the autoradiograph to delineate the segment borders (Fig. 1) . Grains lying within 1 ,um of a chromosome were assigned to specific quinacrine segments and counted.
Labeling. DNA was isolated by standard methods on cesium sulfate gradients, dialyzed, digested to mononucleotides with DNase I (Sigma) and snake venom phosphodiesterase, and analyzed by high-voltage electrophoresis (9) . To Relative brightness of chromosomes and sections was determined from this photograph.
standard chart. The cell was selected on the basis of uniform fluorescence of homologues. The brightness of chromosomes is the average value of the brightness of each of the sections, weighted by its DNA content. THEORY The DNA content and base ratio of a chromosome or chromosome segment can be estimated from the average numbers of grains found in it. The precision of these estimates is greatest when only A-T base pairs are labeled in one of the two complementary treatments and only G-C base pairs in the other. In general, however, it is only necessary that the average base compositions of the labeled base pairs are not identical in the two categories.
We define DNA content, Xi, and base ratio, Ai, of the ith chromosome in terms of the (unknown) numbers of A-T and G-C base pairs in that chromosome. If we call these numbers aj and bi, respectively, then Xi = (as + bi )/(a + b), and Ai = ai/(aj + be), in which a and b are the total numbers of A-T and G.C base pairs in the genome. These definitions can be written in terms of the average base ratio of the genome:
a [2] in which A = a/(a + b). Because the value of A can be determined by independent experiments, it is only necessary to calculate the ratios as/a and bi/b from the autoradiographic data. To do this, two assumptions are needed: Assumption 1. The number of grains observed over a chromosome is proportional to the number of labeled bases in that chromosome, and this proportionality is the same for all chromosomes. It will be convenient to express the average number of grains in a chromosome as a fraction of the genomic total.
Thus, tj is the fraction of all average grains in the thyminelabeled cells that were found over chromosome i, and gi is the fraction of grains found over chromosome i in the guaninein which a, etc. refer to the labeled base pairs in the thymine-labeled cells, and a etc. refer to the labeled bases in the guanine-labeled cells.
Assumption 2. The ratio of labeled to unlabeled bases is the same for all chromosomes. This assumption is valid when the specific activities of the two nucleotide pools are constant throughout the DNA synthesis period. This assumption can be written as: a, = a*/a; a1/at = a'/a; b;/bj = b*/b; b1/be = b'/b.
If labeling occurs only in G-C base pairs in one of the two labeling categories and only in A-T base pairs in the other, then assumption 1 reduces to gi = bj/b* and tj = a/a'; and, by assumption 2, the ratios aj/a and bi/b are simply gj and ti, respectively. DNA content and base ratio can then be computed directly from Eqs. 1 and 2. In general, however, when more than one base is labeled by a given treatment, the ratios as/a and bi/b can still be computed from Table  2 , shows that the base ratios of individual chromosomes vary along their lengths.
The DNA contents of the chromosomes were approximately what would be expected from their visual lengths. It was not expected, however, that these DNA contents would be correlated with their base ratios. Yet, the correlation in Table 3 shows that large chromosomes tend to have high base ratios.
The quinacrine-brightness value of each chromosome and segment is given in Table 1 . Table 3 shows that brightness is positively correlated with both base ratio and DNA content. Plots of base ratio against brightness are given in Figs. 2 and 3 . An attempt was made to combine base ratio, DNA content, and other variables in a linear model for predicting brightness of the chromosome segments by using standard multiple regression methods. It was found that, when both DNA content and base ratio were used in a model, each had a significant effect in predicting brightness. After trying several other variables, we found that the model could be improved by subtracting a constant value of 0.12 brightness unit from the predicted brightness of each segment that contained the tip of its chromosome. This model accounted for 39% of the observed variance in brightness. A similar model predicted variation in brightness within chromosomes. The brightness value of each segment was expressed as a deviation from the mean brightness of its chromosome, with appropriate reduction in degrees of freedom. Thus, the final model, which accounts for more than half of the variance about the chromosomal means, included significant contributions from base ratio, DNA content, and tip effect, all with positive regression coefficients.
DISCUSSION
We have estimated two basic parameters of human chromosomes and metaphase bands-base ratio and DNA content. Our results clearly establish that base ratios are significantly variable both among whole chromosomes and among segments within a chromosome. Although base ratios have not been previously measured in chromosomes, DNA content has been estimated spectrophotometrically (12) . These previous estimates and our autoradiographic DNA estimates are in close agreement. Furthermore, although length measurements indicate that chromosome 19 is longer than chromosome 20, both DNA measurements indicate that chromosome 20 contains more DNA. Similarly, the X chromosome has slightly less DNA than does chromosome 7. The close agreement between these two independent sets of DNA measurements supports the validity of both methods. The brightness of a chromosome or segment is related to its function. Our findings show that brightness is also related to both base ratio and DNA content. The positive correlation between base ratio and brightness is especially evident on comparison of the dark chromosomes 19 and 20, both of which have a low base ratio, with the bright, A-T-rich Y chromosome. This relationship is not surprising because in vitro experiments relating dye fluorescence to DNA base ratios as well as the observations that bright bands are late replicating (13) and latereplicating DNA in humans is A-T-rich (14) suggest that bright bands are A-T-rich.
More surprising are the positive correlations we observed between brightness and size of both whole chromosomes and chromosomal segments. The lack of correlation between size of segments and their base ratio, along with the multiple regression results, clearly shows that this correlation is not due to a common association with base ratio. The fact that long segments are brighter than short segments of similar base ratio may be an artifact of the placement of segment boundaries which tends to exclude short, dark bands obscured by surrounding bright ones.
However, our finding that large chromosomes also have high fluorescence intensity and tend to be A-T-rich suggests an evolutionary model involving repeated sequences of high base ratio and brightness. If these sequences promote unequal crossing over, especially between sister chromatids in mitosis, they could grow in evolutionary time to an equilibrium length determined by the dynamics of the sister chromatid exchange process. These sequences correspond to the bright, A.T-rich segments we observed. Because chromosomes containing many of these sequences would be longer, brighter, and more A-T-rich than other chromosomes, the model predicts our observed correlations among whole chromosomes. It makes no prediction concerning the lengths of segments.
In addition to explaining the present data, this model is consistent with the chromosomal organization found in Xenopus (15) in which the 5S rRNA genes are separated by variable numbers of a 15-base-pair repeat unit. It also agrees with the earlier idea (16) that quinacrine-bright segments, which are known to cause relatively light phenotypic effects when trisomic or monosomic (3), contain intercalary heterochromatin and, therefore, few genes.
